Introduction
============

The Golgi apparatus is an integral component of the secretory and retrograde transport pathways in mammalian cells. In most mammalian interphase cells, the Golgi exists as a juxta-nuclear ribbon, composed of a network of membrane stacks, interlinked by tubular membrane connections (De Matteis et al., [@B4]). The individual stacks are units of 4--8 flattened, cisternal membrane structures (Short et al., [@B41]). Golgi-derived microtubules have been proposed to draw individual stacks together, a process regulated by the microtubule-binding proteins CLASPs (CLIP-associated proteins), to promote the formation of a continuous ribbon (Efimov et al., [@B5]; Miller et al., [@B28]). In addition, in non-polarized cells, the radial microtubule array positions the Golgi adjacent to the MTOC (microtubule-organizing centre) close to the nucleus (Rogalski et al., [@B37]; Thyberg and Moskalewski, [@B42]; Rios and Borens, [@B36]). On the other hand, in polarized cells, in which microtubules are typically aligned along the apical--basal axis with minus ends predominantly at the apical pole (Li and Gundersen, [@B22]), and the Golgi typically forms a ribbon-like convoluted structure located in the apical region above the nucleus (Bacallao et al., [@B1]).

The organization of the Golgi apparatus is highly dynamic. Regulated fragmentation of the Golgi occurs during mitosis (Nelson, [@B32]; Colanzi et al., [@B3]) and repositioning of the Golgi can occur during a number of processes, including directed secretion and pathogen invasion (Kupfer et al., [@B20]; Yadav et al., [@B44]). For example, when *Chlamydia trachomatis* invades a mammalian cell, a membrane-bound niche called an inclusion is established, and the host Golgi is fragmented so that the remnant Golgi membrane can be aligned around the inclusion (Heuer et al., [@B14]). Hence there is considerable plasticity in the arrangement of the Golgi stacks to accommodate important cellular events. Despite this, investigations into the dynamics of the Golgi have been restricted to a few cell types.

Parietal cells are terminally differentiated, polarized epithelial cells that are responsible for the acidification of the stomach (Forte et al., [@B8]; Yao and Forte, [@B46]). Parietal cells express the gastric H^+^,K^+^ ATPase, which catalyses the transfer of H^+^ ions across the apical membrane of the cell and into the lumen of the stomach in exchange for K^+^ ions (van Driel and Callaghan, [@B43]; Shin et al., [@B40]). Control of acid secretion is achieved, in part, by shuttling the membrane-bound H^+^,K^+^ ATPase between two specialized membrane compartments in parietal cells: invaginations of the apical membrane which are called SC (secretory canaliculi) and an extended membrane compartment in the cytoplasm which is called the TVE (tubulovesicular element) (Yao and Forte, [@B46]; Geibel and Wagner, [@B10]; Forte and Zhu, [@B9]). A unique feature of gastric epithelial cells is the great abundance of these H^+^,K^+^ ATPase-containing SC and TVE membranes. Early observations by EM (electron microscopy) showed the presence of abundant Golgi membranes in developing parietal cells (Hayward, [@B13]; Forte et al., [@B7]), prompting the suggestion that the Golgi is the site of production and synthesis of the H^+^,K^+^ ATPase-rich membrane (Forte et al., [@B7]).

Very little is known about the organization of the Golgi apparatus in mature parietal cells. In contrast with developing parietal cells, the Golgi has been considered to be small and relatively inconspicuous in fully developed parietal cells (Forte et al., [@B7]; Ito, [@B15]; Sawaguchi et al., [@B38]). The very high density of the specialized SC and TVE membranes in the apical cytoplasm of mature parietal cells is likely to pose a challenge to the convention of a juxta-nuclear-localized Golgi ribbon network to regulate the normal membrane transport in the secretory and endocytic pathways. Based on the terminal sequences of the N-glycans of the H^+^,K^+^ ATPase β-subunit, there is indirect evidence that H^+^,K^+^ ATPase may recycle via the TGN (*trans*-Golgi network) (Nguyen et al., [@B33]); however, how a retrograde transport pathway for such recycling would occur in this cell type is not clear. The aim of this work was to define the localization and transport functions of the Golgi in parietal cells. We show that the Golgi is not present as a ribbon of membrane in the juxta-nuclear region in these cells, but exists as individual units of Golgi membrane scattered throughout the cytoplasm, an unusual organization for mammalian cells. These units of Golgi membrane were demonstrated to be functional Golgi stacks.

Results
=======

The Golgi apparatus is present as dispersed stacks in mouse parietal cells
--------------------------------------------------------------------------

To analyse the organization of the Golgi apparatus in gastric parietal cells initially, we characterized cultured gastric cells. Gastric cells were stained for actin, the *cis*-Golgi marker GM130 (*cis*-Golgi matrix protein of 130 kDa) and DNA. Non-parietal cells in the population, identified by an abundant sub-plasma membrane actin staining, showed a juxta-nuclear staining pattern for GM130, typical for the Golgi ribbon of mammalian cells. In contrast, parietal cells that were identified by the presence of actin-rich intracellular SC vacuoles ([Figure 1](#F1){ref-type="fig"}B), had a strikingly different GM130 staining pattern. GM130 was located on punctate fragments scattered throughout the cytoplasm of the parietal cell. The majority of the GM130-positive structures were not close to the nucleus but rather were scattered throughout the cell periphery. The GM130 staining pattern shown in [Figure 1](#F1){ref-type="fig"}(B) was similar in all parietal cells (\>100) examined.

![The Golgi staining pattern of cultured gastric cells\
Gastric cell populations were isolated from the stomachs of wild-type mice (fasted) and cultured for 24 h in gland culture medium containing ranitidine. Cells were fixed in 1% formaldehyde, permeabilized and stained with TRITC-conjugated phalloidin, DAPI and mouse anti-GM130 (*cis*-Golgi marker) antibodies followed by FITC-conjugated anti-mouse IgG. (**A**) Non-parietal gastric cell and (**B**) parietal cell. The broken white line denotes the boundary of an individual cell. Scale bars represent 10 μm.](boc684i001){#F1}

To define the nature of the dispersed GM130-positive structures in parietal cells more precisely, we employed additional Golgi markers and examined the relationship between *cis*- and *trans*-cisternae in the Golgi fragments. A population of cultured gastric cells was stained simultaneously with antibodies against the *cis*-Golgi marker GM130 and the TGN marker syntaxin 16 ([Figure 2](#F2){ref-type="fig"}A). The majority of Golgi units scattered throughout the cytoplasm contained markers of both *cis*- and *trans*-cisternae, which implied that the Golgi units were likely to represent intact Golgi stacks. To better define the spatial distribution of Golgi structures in whole parietal cells, a *z*-series of labelled parietal cells were captured by confocal microscopy and a 3D image reconstructed (Supplementary Movie 1 available at <http://www.biolcell.org/boc/103/boc1030559add.htm>). The reconstructed *z*-series of stained parietal cells demonstrated that the Golgi punctate structures were not interconnected but existed as distinct entities.

![Location of *cis*- and *trans*-Golgi markers in cultured parietal cells and gastric glands\
(**A**, **B**) Gastric cell populations were cultured for 24 h in gland culture medium containing ranitidine, then fixed in 1% formaldehyde, permeabilized and stained with either (**A**) TRITC-conjugated phalloidin, mouse anti-GM130 (*cis*-Golgi marker) antibodies followed by FITC-conjugated anti-mouse IgG and rabbit anti-syntaxin 16 (TGN marker) antibodies followed by Alexa Fluor® 647-conjugated to anti-rabbit IgG or (**B**) mouse anti-HKα antibodies followed by FITC-conjugated anti-mouse IgG, rabbit antiGCC185 (TGN marker) antibodies followed by Alexa Fluor® 647-conjugated anti-rabbit IgG (pseudo-coloured green) and human anti-p230 (TGN marker) antibodies followed by Alexa Fluor® 594-conjugated to anti-human IgG. (**C**) Gastric glands were isolated from the stomachs of wild-type mice (fasted) and fixed in 4% PFA, permeabilized and stained with TRITC-conjugated phalloidin, mouse anti-GM130 antibodies followed by FITC-conjugated anti-mouse IgG and rabbit anti-syntaxin16 (TGN marker) antibodies followed by Alexa Fluor® 647-conjugated to anti-rabbit IgG. Scale bars represent 10 μm.](boc684i002){#F2}

To attain an estimate of the proportion of Golgi units which were labelled with markers of both *cis*- and *trans*-Golgi, we analysed a total of 191 individual Golgi units in three different cells, with the Golgi units identified as GM130-positive and/or GCC185 (Golgi coiled-coil protein of 185 kDa)-positive. Of the 191 Golgi units, 139 (73%) were co-labelled with GM130 and GCC185, with the remaining 52 units (27%) singly labelled with either marker. Another population of cultured gastric cells was stained with antibodies against two markers of the TGN, GCC185 and p230 ([Figure 2](#F2){ref-type="fig"}B). GCC185 and p230 are Golgins of the TGN which are thought to be associated with distinct domains of this Golgi compartment (Chia and Gleeson, [@B2]). The majority of Golgi structures (94/101: 93.1%) co-labelled with both markers ([Figure 2](#F2){ref-type="fig"}B), again indicating that the membrane structures of the parietal cells represent intact Golgi stacks.

Following these observations, we wished to establish whether the Golgi apparatus was present as isolated membrane fragments in both resting and active mouse parietal cells. Two populations of gastric cells were obtained: one cultured in the presence of the H~2~receptor antagonist, ranitidine, to assure that the cells were in the resting state, whereas the second population of cells was stimulated with histamine, an H~2~-receptor agonist. Stimulation was carried out in the presence of an H^+^,K^+^ ATPase inhibitor, SCH28080, to prevent the expansion of the intracellular SC vacuoles. Parietal cells were identified by the presence of both actin-rich intracellular SC vacuoles and the H^+^,K^+^ ATPase. The majority of the H^+^,K^+^ ATPase resides in the TVE membranes when a parietal cell is in the resting state. The parietal cells cultured in non-stimulating conditions showed very little co-localization between actin and H^+^,K^+^ ATPase staining, as expected (Supplementary Figure S1 available at <http://www.biolcell.org/boc/103/boc1030559add.htm>). The diffuse, cytoplasmic staining pattern of H^+^,K^+^ ATPase indicates that the H^+^,K^+^ ATPase is present in the cytoplasmic TVE, indicating that this cell was in the resting state, and consistent with what we expected for the localization of the enzyme to the TVE. Parietal cells stimulated by the addition of histamine showed a significant proportion of the H^+^,K^+^ ATPase on actin-rich SC vacuoles, indicating that this cell was in the active state (Supplementary Figure S1). In both resting and activated parietal cells, the TGN marker GCC88 (Golgi coiled-coil protein of 88 kDa) was present on punctate membrane structures dispersed throughout the cytoplasm. Therefore the Golgi shows a dispersed staining pattern in both resting and active parietal cells.

To ensure that the dispersed Golgi pattern observed was not an artefact induced by tissue culture, we examined gastric glands after isolation from the stomach tissue. The presence of actin-rich SC indicated the location of parietal cells within a gland ([Figure 2](#F2){ref-type="fig"}C). The punctuate-staining patterns for GM130 and the TGN marker syntaxin 16 in intact gastric glands were similar to those found using cultured gastric cells, with multiple, dispersed Golgi units observed, and many of the Golgi units co-labelled with GM130 and syntaxin 16 ([Figure 2](#F2){ref-type="fig"}C). These findings indicate that the parietal cells in their normal physiological environment have an atypical Golgi morphology.

The association between scattered Golgi stacks and microtubules in parietal cells
---------------------------------------------------------------------------------

Given the importance of the microtubular network in defining the location of the Golgi apparatus in mammalian cells, we assessed the relationship between the dispersed Golgi stacks and microtubules in parietal cells. To visualize the microtubules of parietal cells, a cultured gastric cell population was stained for actin, α-tubulin and the TGN marker, GCC88. Non-parietal gastric cells showed the typical radial distribution of microtubules (results not shown), whereas parietal cells had microtubules displaying a disorganized non-radial distribution ([Figure 3](#F3){ref-type="fig"}A). Many of the GCC88-labelled Golgi stacks (\~90%) were in close physical proximity to microtubules ([Figure 3](#F3){ref-type="fig"}A), suggestive of a physical link between the dispersed Golgi stacks and the microtubule network of parietal cells. The association between dispersed Golgi stacks and microtubules was observed in all parietal cells viewed (\>50).

![Relationship between dispersed Golgi stacks and microtubules in parietal cells\
Gastric cells were cultured for 24 h in gland culture medium containing ranitidine and were fixed in 1% formaldehyde, permeabilized and stained with TRITC-conjugated phalloidin, mouse anti-α-tubulin antibodies followed by FITC-conjugated to anti-mouse IgG and (**A**) rabbit anti-GCC88 antibodies followed by Alexa Fluor® 647-conjugated to anti-rabbit IgG. (**B**, **C**) Gastric cells were cultured for 24 h in gland culture medium containing ranitidine, equilibrated in serum-free medium for 1 h, then either (**B**) fixed directly or (**C**) incubated in serum-free medium containing nocodazole for 1 h at 37°C (no CO~2~). Cells were fixed in 1% formaldehyde, permeabilized and stained with mouse anti-HKα antibodies followed by FITC-conjugated to anti-mouse IgG and rabbit anti-GCC88 antibodies followed by Alexa Fluor® 568-conjugated to anti-rabbit IgG. Scale bars represent 10 μm.](boc684i003){#F3}

To determine if the Golgi morphology in parietal cells was regulated by the microtubule network, cultured gastric cells were treated with nocodazole to depolymerize microtubules, and stained with antibodies against H^+^,K^+^ ATPase and GCC88. As expected, the juxta-nuclear Golgi of non-parietal gastric cells was fragmented and dispersed by nocodazole treatment (Supplementary Figure S2 available <http://www.biolcell.org/boc/103/boc1030559add.htm>). On the other hand, the GCC88 staining patterns of untreated parietal cells and cells treated with nocodazole were very similar ([Figures 3](#F3){ref-type="fig"}B and [3](#F3){ref-type="fig"}C). There did not appear to be a difference between the size of the GCC88-positive Golgi stacks of untreated and nocodazole-treated parietal cells, indicating that the dispersed Golgi stacks of parietal cells do not undergo any further fragmentation following the depolymerization of microtubules.

GRASP65 (Golgi reassembly stacking protein 65) is localized to the dispersed Golgi stacks
-----------------------------------------------------------------------------------------

GRASP65 is *cis*-Golgi protein known to play a key role in forming lateral bridges between the individual stacks of the mammalian Golgi ribbon. Depletion of GRASP65 causes fragmentation of the Golgi ribbon, and, considering the absence of a Golgi ribbon in the mouse parietal cells, we determined if these cells express GRASP65. Cultured gastric cells were stained for actin, GRASP65 and GM130 (Supplementary Figure S3 available at <http://www.biolcell.org/boc/103/boc1030559add.htm>). All of the Golgi stacks that stained for GM130 also stained for GRASP65 and there was almost complete overlap between these Golgi components. This result indicates that GRASP65 is localized to the *cis*-Golgi of the dispersed Golgi stacks.

The dispersed Golgi stacks of parietal cells function in anterograde and retrograde membrane transport
------------------------------------------------------------------------------------------------------

To determine whether the dispersed Golgi stacks in parietal cells were functional, we examined their ability to receive cargo by the anterograde or retrograde membrane transport pathways. The dispersed distribution of Golgi stacks in parietal cells also provides the opportunity to assess whether there may be functional heterogeneity in the population of Golgi mini-stacks, as is the case for the Golgi stacks in *Drosophila* imaginal disc cells (Yano et al., [@B45]). First, we assessed the steady-state distribution of the cargo TGN38, a protein that cycles between the plasma membrane and the Golgi apparatus of mammalian cells (Lieu and Gleeson, [@B23]), and which has been widely used as a model cargo in mammalian cells. If the Golgi stacks are functional in membrane transport then we would expect TGN38 to localize to the dispersed Golgi stacks of parietal cells under steady-state conditions. To induce *de novo* expression of TGN38 in differentiated parietal cells, cultured gastric cells were transduced with a recombinant adenovirus encoding the rat *TGN38* gene. Transduced cells were cultured for 48 h and stained with antibodies against actin, to define the parietal cells, and against GCC185 and TGN38. In transduced non-parietal cells, TGN38 was localized, as expected, predominantly in the perinuclear fashion typical of the Golgi apparatus ([Figure 4](#F4){ref-type="fig"}A). In transduced parietal cells, TGN38 was located on both the cell surface and on punctate fragments scattered throughout the cytoplasm ([Figure 4](#F4){ref-type="fig"}B). The TGN38 punctate cytoplasmic structures showed significant co-localization with GCC185 ([Figure 4](#F4){ref-type="fig"}B). Quantification revealed that 98% of the GCC185 fragments co-localized with or were physically adjacent to TGN38-labelled fragments. These findings demonstrate that the dispersed Golgi stacks are functional and can process cargo for anterograde transport to the cell surface.

![Transport of model cargo to Golgi stacks in cultured parietal cells\
(**A**, **B**) Steady-state localization of TGN38 in transduced parietal cells. Cultured gastric cells were transduced with TGN38 adenovirus, cultured for 48 h, equilibrated in serum-free medium for 1 h and fixed in 1% formaldehyde, permeabilized and stained with TRITC-conjugated phalloidin, rabbit anti-GCC88 or anti-GCC185 antibodies followed by Alexa Fluor® 647-conjugated to anti-rabbit IgG and mouse anti-TGN38 antibodies followed by FITC-conjugated to anti-mouse IgG. (**A**) Non-parietal gastric cell and (**B**) parietal cell. (**C**) Internalization of ChTxB in cultured parietal cells. Gastric cell populations were cultured for 24 h in gland culture medium containing ranitidine, cells were equilibrated in serum-free medium for 1 h, then incubated with FITC-conjugated ChTxB fragment (2.5 μg/ml) for 45 min on ice in the presence of SCH28080. Cells were washed and then either fixed directly (0 min) or incubated in serum-free medium containing SCH28080 for 90 min at 37°C (no CO~2~). Cells were fixed in 1% formaldehyde, permeabilized and stained with TRITC-conjugated phalloidin and anti-mouse GM130 (*cis*-Golgi marker) antibodies followed by Alexa Fluor® 647-conjugated to anti-mouse IgG. Scale bars represent 10 μm.](boc684i004){#F4}

Retrograde transport pathways transporting cargo from the plasma membrane to the Golgi have been identified (Johannes and Popoff, [@B16]; Lieu and Gleeson, [@B24]); these pathways involve the selective transport of cargo from endosomes to the juxta-nuclear-localized Golgi apparatus. Given the dispersed Golgi fragments in parietal cells, the question arises whether there is a functional plasma membrane-to-Golgi retrograde pathway in parietal cells. Therefore we examined the trafficking of the model cargo ChTxB (cholera toxin B) that can undergo retrograde transport to the Golgi in other cells. Cultured parietal cells were incubated with fluorescently tagged ChTxB for 45 min on ice, after which cells were incubated at 37°C to induce internalization of the surface-bound ChTxB--GM~1~ complex. Cells were fixed at various time-points to track internalization of the toxin, and then stained for GM130 to mark the Golgi stacks. At the 0 min time-point, the staining pattern for ChTxB indicated that the toxin was bound to the surface of the parietal cell ([Figure 4](#F4){ref-type="fig"}C). Following 90 min of incubation at 37°C, ChTxB was detected both on the cell surface and on punctate structures scattered throughout the cytoplasm ([Figure 4](#F4){ref-type="fig"}C). Some of the punctate ChTxB fragments also co-stained for GM130. A similar finding was also observed using the TGN marker GCC88 (results not shown). Quantification of Golgi-localized ChTxB revealed that approx. 25% of total ChTxB co-localized with the GM130 marker after 4 h of internalization ([Figure 5](#F5){ref-type="fig"}A). In addition, the percentage of GM130-marked Golgi stacks that co-stained for the cargo increased from \~30% after 1 h of internalization to \~50% after 4 h of internalization ([Figure 5](#F5){ref-type="fig"}B). Together, these results show that the plasma membrane-to-Golgi transport pathway is functional in parietal cells and that the majority of Golgi mini-stacks can receive cargo via retrograde transport. Figure 5Quantification of internalized ChTxB within the Golgi stacks of cultured parietal cellsCultured gastric cells were incubated with FITC--ChTxB on ice, as described in the legend for [Figure 4](#F4){ref-type="fig"}, and then the surface-bound ChTxB was allowed to internalize over a 4 h period. At the indicated time points cells were fixed and permeabilized, and stained for actin and either GCC88 or GM130. (**A**) The number of ChTxB pixels that overlapped with Golgi markers was expressed as a percentage of the total number of ChTxB pixels within each cell using Metamorph software (*n*=10 for each time-point) as described in Materials and methods section. In (**B**) the number of Golgi structures that co-localized with internalized ChTxB is shown.

Parietal cells from mutant mice, HKβ^−/−^ and Y20A, have dispersed Golgi stacks
-------------------------------------------------------------------------------

A unique feature of parietal cells is the very abundant TVE membranes in the apical cytoplasm. To investigate whether the presence of this extensive cytoplasmic membrane system was directly responsible for promoting the reorganization of the Golgi apparatus in these differentiated cells, we exploited genetically modified mouse lines with the parietal cells lacking specialized TVE. Mice deficient in the H^+^,K^+^ ATPase β-subunit (HKβ) do not have a functional gastric H^+^,K^+^ ATPase, are unable to secrete gastric acid and show prominent morphological changes in their parietal cells, including a dramatic reduction in the size of the TVE (Scarff et al., [@B39]). Cultured gastric cells from the stomachs of HKβ^−/−^ mice were stained for H^+^,K^+^ ATPase α-subunit (HKα) to identify parietal cells, and the TGN marker GCC185. GCC185 was located on multiple isolated structures scattered throughout the cytoplasm of the cell ([Figure 6](#F6){ref-type="fig"}A), similar to the Golgi staining pattern described for wild-type parietal cells.

![The parietal cells of HKβ^−/−^ and Y20A mice show dispersed Golgi stacks\
Gastric cell populations were isolated from the stomachs of (**A**) HKβ^−/−^ and (**B**) Y20A mice (fasted) and cultured for 24 h in gland culture medium. Cultured gastric cells were fixed in 1% formaldehyde, permeabilized and stained with (**A**) mouse anti-HKα antibodies followed by FITC-conjugated anti-mouse IgG, and rabbit anti-GCC185 antibodies followed by Alexa Fluor® 568-conjugated to anti-rabbit IgG, and (**B**) TRITC-conjugated phalloidin, mouse anti-GM130 antibodies followed by FITC-conjugated anti-mouse IgG, and human anti-p230 antibodies followed by Alexa Fluor® 647-conjugated to anti-human IgG. Scale bars represent 10 μm.](boc684i006){#F6}

Parietal cells were also examined from a second mouse line that express the H^+^,K^+^ ATPase with a mutation in the YXXϕ motif of the cytoplasmic tail of HKβ (Y20A). In contrast to the HKβ-deficient mice, H^+^,K^+^ ATPase activity is expressed in the parietal cells of the Y20A mice, but it is located on the SC regardless of the activation state of the cell. Y20A mice can secrete acid, but show prominent morphological changes in their parietal cells, including the complete absence of the TVE. Cultured gastric cells from these mice were stained for actin, GM130 and the TGN marker p230. GM130 and p230 stain was observed in punctate fragments scattered throughout the cytoplasm of the parietal cell ([Figure 6](#F6){ref-type="fig"}B). The majority of GM130-labelled Golgi units (111 of 121: 91.7%) co-localized with, or were physically adjacent to, p230-labelled units, indicating the presence of dispersed Golgi mini-stacks. These results show that two different mutant mice, HKβ^−/−^ and Y20A, which have gross morphological changes in their parietal cells, all had the Golgi morphology observed in wild-type parietal cells. Hence, the presence of the TVE is not a controlling factor in the reorganization of the Golgi apparatus.

Discussion
==========

Parietal cells are polarized epithelial cells solely responsible for the acidification of the lumen of the stomach. These highly specialized cells within the gastric gland undergo a staggering amount of membrane cycling in order to strictly control pH in the stomach. EM studies had previously revealed that the Golgi apparatus is very abundant in newly differentiated parietal cells, but appeared poorly developed in mature parietal cells (Hayward, [@B13]; Forte et al., [@B7]; Ito, [@B15]). By analysing the staining patterns of markers of the *cis*- and *trans*-membrane regions of the Golgi, and 3D (three-dimensional) reconstructions of the labelled Golgi, here we have demonstrated that the Golgi of parietal cells is not present as a ribbon of membrane in the juxta-nuclear region, but it is present as individual Golgi stacks which are scattered throughout the cytoplasm. The Golgi stacks of parietal cells are able to process newly synthesized cargo, and can receive cargo that has undergone retrograde transport. This is a very unusual organization of the Golgi apparatus in a post-mitotic mammalian cell and is likely to reflect the spatial features of the endomembrane system in this differentiated cell type.

The Golgi membrane structures detected throughout the cytoplasm of parietal cells are likely to represent individual Golgi stacks as each structure was found to contain both *cis*- and *trans*-markers, and 3D reconstructions demonstrated that the structures were distinct entities and there was no change in the size of the Golgi structures following nocodazole treatment. The Golgi structures were observed not only in cultured parietal cells but also in parietal cells within intact gastric glands, confirming that the Golgi is present as dispersed structures within the normal physiological environment. On the other hand, the Golgi of other cells of the gastric gland were organized in a more typical ribbon structure close to the nucleus, highlighting the unique features of the Golgi in specialized acid-secreting cells of the gastric glands. These findings are consistent with electron micrographs of mature parietal cells that have detected intact single Golgi stacks, but rarely multiple stacks in the same section (Ito, [@B15]; Sawaguchi et al., [@B38]). Fragmented Golgi were observed in both resting and activated parietal cells, parietal cells that had lost the ability to secrete acid (HKβ^−/−^) and parietal cells that are devoid of TVE (Y20A). Hence, the distribution of dispersed Golgi stacks throughout the cytoplasm of mature parietal cells is a permanent feature of this cell type and does not represent a transient reorganization of the Golgi ribbon, as occurs, for example, during mitosis. A fragmented Golgi also provides an explanation for why this organelle has been considered to be small and inconspicuous in parietal cells.

The dispersed Golgi stacks of cultured parietal cells were shown to function in membrane transport and process the model cargos TGN38 and ChTxB. These findings demonstrated that the scattered Golgi stacks of cultured parietal cells were functional components of regulated membrane transport in both the biosynthetic and endocytosis pathway. Indeed, this is the first demonstration of a functional retrograde endosome-to-TGN transport pathway in the gastric parietal cell. As the bulk of ChTxB was found associated with internalized endosomes and Golgi, rather than TVE membranes, this finding shows that the transport pathways within the endomembrane-rich parietal cell maintain are very selective and that transport to the TVE is likely to require a distinct transport pathway.

Microtubules play a key role in defining the structure and localization of the Golgi in mammalian cells during interphase. Golgi-derived microtubules that are regulated by CLASPs draw Golgi stacks together in a tangential fashion and are critical for the formation of a continuous ribbon (Efimov et al., [@B5]; Miller et al., [@B28]). In non-polarized cells, Golgi membrane interacts with microtubules of the radial centrosomal array and the ribbon is positioned near the centrosome via this interaction (Rios and Borens, [@B36]). Microtubules in a radial centrosomal array were observed in cultured gastric cells (non-parietal) stained with antibodies against α-tubulin. In these cells, the Golgi was located in a region where microtubule ends accumulated, close to the nucleus, which is the location of the MTOC. In contrast the α-tubulin staining pattern of cultured parietal cells showed microtubules in a relatively disorganized array. The scattered Golgi stacks were in close physical proximity to microtubules in the cytoplasm of parietal cells, suggesting that there may be an association between the stacks and microtubules. The microtubule array of polarized epithelial cells is often aligned along the apical--basal axis (Li and Gundersen, [@B22]); nonetheless, the Golgi typically forms a ribbon-like convoluted structure located in the apical region (Bacallao et al., [@B1]). Therefore the presence of individual Golgi stacks in mature epithelial cells is most unusual.

The Golgi apparatus deviates from a ribbon conformation in a variety of situations. Plant cells do not have a ribbon structure; rather, the Golgi consists of large number of individual Golgi stacks (Faso et al., [@B6]; Hawes et al., [@B12]). In yeast cells, the Golgi has been identified as either ordered individual stacks, as in *Pichia pastoris*, or individual cisternae spread throughout the cytoplasm (Papanikou and Glick, [@B34]). *Drosophila* imaginal disc cells have dispersed Golgi mini-stacks (Yano et al., [@B45]). Interestingly, these cells have two distinct populations of Golgi mini-stacks: one that process basolaterally destined cargo and another that process apically destined cargo (Yano et al., [@B45]). Such an arrangement does not appear to be the case with the scattered Golgi stacks of parietal cells as no distinction between the stacks could be identified, as the majority of stacks were shown to be positive for TGN38 or receive ChTxB from the cell surface. Isolated Golgi stacks have been reported in a few specialized mammalian cells, for example, in oocytes and skeletal muscle cells (Lu et al., [@B26]; Moreno et al., [@B29]). Recently, Golgi fragmentation was also shown to occur during differentiation of uroepithelial cells of the urinary bladder, a process considered to be important to promote the delivery of components to form the specialized apical membrane of the blood--urine barrier (Kreft et al., [@B19]). Hence, the reorganization of the Golgi to promote specialized apical membranes and functions is common feature of uroepithelial cells and parietal cells. It is interesting to consider whether the dispersed Golgi stacks observed in parietal cells may result from a mechanism similar to the regulated fragmentation observed in cellular processes. During both mitosis and apoptosis Golgi fragmentation occurs following the modification of GRASP65, a protein that physically links adjacent Golgi stacks (Lane et al., [@B21]; Rabouille and Kondylis, [@B35]). However, the fragmented Golgi structure in parietal cells is not due to the down-regulation of GRASP65, as GRASP65 is located on the dispersed Golgi stacks. However, it is possible that GRASP65 is post-translationally modified in parietal cells.

In summary, this work has revealed that gastric parietal cells have a Golgi that does not conform to the ribbon model. Instead, they have numerous individual stacks of Golgi scattered throughout the cytoplasm that can function in the synthesis of exogenous protein and retrograde transport. Why would the Golgi be organized in this unusual fashion in parietal cells? One possibility is that the organization of the Golgi reflects the unusual regulated membrane transport pathways of this cell. The scattered Golgi stacks, rather than a juxta-nuclear Golgi ribbon, may provide a more efficient organization for delivery of transport carriers traversing a cytoplasm highly enriched in endosomes of the TVE system. The fragmentation of the Golgi ribbon is likely to be a regulated event during the differential of parietal cells. Understanding the molecular events associated with Golgi fragmentation in parietal cells is likely to provide further insight into the dynamics and biogenesis of this organelle.

Materials and methods
=====================

Plasmids, antibodies and reagents
---------------------------------

For adenovirus generation, pBHGLOX (dE1, E3), the genomic plasmid, and pDC315, the shuttle vector, both required for adenovirus generation, were obtained from Microbix Biosystems (Toronto, Canada). TGN38--CFP (cyan fluorescent protein), a fusion of full-length TGN38 cDNA to the N-terminus of CFP in the pECFP-N1 vector, was kindly provided by Dr Derek Toomre, Yale University (Keller et al., [@B17]). TGN38 was PCR-amplified from TGN38--CFP using the primers 5′ TGN38 (CGCGAATTCATGCGGTTCCAGGTTGCGTTG) and 3′ TGN38 (CCGCGTCGACTCAAAGCTTTAGGTTCAAACGTTG). The resulting PCR product was digested with EcoRI and SalI, and subcloned into pDC315.

The 1H9 mouse mAb (monoclonal antibody) specific for H/Kα has been described (Mori et al., [@B30]). Rabbit polyclonal antibodies against human GCC88 and GCC185 have been previously described (Luke et al., [@B27]). Mouse mAbs against GM130 and TGN38 were purchased from BD Biosciences (v) (NSW, Australia). A rabbit polyclonal antibody against syntaxin 16 was purchased from Synaptic Systems (Gottingen, Germany). Human autoantibodies against p230 have been previously described (Kooy et al., [@B18]; Mu et al., [@B31]). The mouse mAb to α-tubulin (DM1A) was from Sigma--Aldrich. Nuclei of cells were detected by incubation with DAPI (4′,6-diamindino-2-phenylindole; Sigma--Aldrich). Actin was detected by incubation with FITC- or TRITC (tetramethylrhodamine β-idothiocyanate)-labelled phalloidin (Sigma--Aldrich).

Secondary antibodies used for immunofluorescence were sheep anti-mouse IgG-FITC (from Chemicon, Melbourne, Australia) whereas goat anti-mouse IgG-Alexa Fluor® 647, goat anti-rabbit IgG-Alexa Fluor® 568, goat anti-rabbit IgG-Alexa Fluor® 647, goat anti-human IgG-Alexa Fluor® 647 and goat anti-human IgG-Alexa Fluor® 594 were from Molecular Probes (Invitrogen, Carlsbad, CA, U.S.A.).

Mammalian cell lines
--------------------

Adenovirus-packaging 293 cells (Microbix Biosystems, Toronto, Canada) were maintained as a semi-confluent monolayer in DMEM (Dulbecco\'s modified Eagle\'s medium) supplemented with 10% (v/v) FCS (fetal calf serum), 2 mM [L]{.smallcaps}-glutamine, 100 units/μl penicillin and 0.1% (w/v) streptomycin.

Isolation of mouse gastric glands and mouse gastric epithelial cell cultures
----------------------------------------------------------------------------

Mice were housed under conventional conditions at the Bio21 Molecular Science and Biotechnology animal facility. All experiments were performed with the approval of the University of Melbourne Ethics Committee (ethics number: 0809107). Wild-type mice were BALB/c CrSlc. HKβ^−/−^ mice (Scarff et al., [@B39]) and *Atp4b*-Y20A mice (Nguyen et al., [@B33]) were on a BALB/c background.

Gastric glands were isolated from stomachs of 2- to 3-month-old mice as described by Gliddon et al. ([@B11]). Briefly, mice were fasted overnight and killed by CO~2~ asphyxiation. The abdominal and chest cavity were cut open and warm oxygenated perfusion PBS (1 mM MgSO~4~, 1 mM CaCl~2~ and dissolved in PBS) was perfused into the left ventricle. The exsanguinated stomach was quickly excised and the antrum and forestomach removed using a scalpel blade. The stomach was cut along the lesser curvature, turned inside out exposing the rugae, rinsed in perfusion PBS and placed in a conical flask containing 15 ml of warm, oxygenated isolation medium \[DMEM (Gibco BRL), 20 mM Hepes buffer (pH 7.4) and 0.2% BSA; 15 ml/mouse\]. The stomach was then digested with 1 mg/ml freshly prepare collagenase type IA (Sigma--Aldrich), dissolved in PBS for 1 h with shaking at 37°C. Using forceps, the partially digested stomach was vigorously shaken from side to side to remove intact gastric glands from the stomach lining. The preparation was then transferred into a 50 ml blue-cap tube and the tissue allowed to sediment for \~15--20 min and then the supernatant removed. The glands were resuspended in 5 ml of gland medium \[DMEM/F12, 1:1 (Sigma--Aldrich), pH 7.4, 1% gentamicin, 1% penicillin--streptomycin and 0.5 mM DTT (dithiothreitol; Sigma--Aldrich)\], passed through a 100 μm filter mesh into a clean tube, allowed to settle by gravity, then washed twice in gland medium and re-suspended in 4--5 ml of gland culture medium.

For cell cultures, mouse gastric glands were washed once in gland culture medium \[DMEM/F12, pH 7.4, 0.2% BSA (Sigma), 1% gentamicin, 100 ng/ml EGF (epidermal growth factor; Sigma), 5 ng/ml ITSS (Sigma--Aldrich) and 4 ng/ml hydrocortisone (Sigma--Aldrich)\] and resuspended in 8 ml gland culture medium. In some cases, 100 μM ranitidine:HCl was added to the gland culture medium. The glands were slowly pipetted on to coverslips that had been coated with Matrigel basement membrane matrix (BD Biosciences), and cultured in a humidified incubator in air at 37°C.

Activation of cultured mouse parietal cells
-------------------------------------------

Gastric glands were isolated from mouse stomachs and cultured as above. After 24 h in culture, the gland culture medium was removed and the gastric cell cultures incubated with 500 μl of warm DMEM/F12, pH 7.4, free of antibiotics for at least 2 h. The medium was removed and parietal cells stimulated by incubation of cultures with 500 μl of DMEM/F12 containing 100 μM histamine and 30 μM IBMX (3-isobutyl-1-methylxanthine) for 30 min incubation at 37°C (no CO~2~). In some cases, 5 μM SCH28080 or omeprazole was added to the medium to inhibit acid secretion by the gastric H^+^,K^+^ ATPase.

Nocodazole treatment of cultured cells
--------------------------------------

Cultured gastric cells were washed twice with serum-free medium, and incubated in DMEM/F12, pH 7.4, containing 20 μM nocodazole, for 1 h at 37°C, then processed for immunofluorescence microscopy.

Indirect immunofluorescence
---------------------------

Gastric cells were cultured for at least 72 h then fixed in 1% formaldehyde in PBS or 4% PFA (paraformaldehyde) in PBS, for 15 min at room temperature (20°C), washed in PBS, and permeabilized with 0.5% Triton X-100 in PBS or 0.1% Triton X-100, in PBS for 4 min at room temperature. Monolayers were then blocked by treatment with 2% BSA/PBS for 15 min at room temperature and incubated with primary antibody, diluted in 2% BSA in PBS, for 1 h at room temperature. The cells were washed three times with PBS, and incubated with secondary antibody, diluted in 2% BSA in PBS, for 30 min at room temperature. Finally, monolayers were washed twice with PBS, and either incubated with a different set of primary and secondary antibodies, or mounted on to microscope slides in Mowiol 4-88 mounting medium. Cells were imaged by confocal microscopy using a Leica TCS SP2 imaging system. For multicolour labelling, images were collected sequentially. *z*-Series were captured sequentially with a Leica TCS SP2 confocal microscope (HCX PL APO, ×100/1.40--0.70 oil objective) and *z*-axis step of 0.244 μm; 8-bit images were saved at 512×512. *z*-Series were re-constructed using Volocity imaging software.

For analysis of gastric glands, gland preparations were fixed in 4% (v/v) PFA in PBS at room temperature for 20 min, with regular re-suspension of the glands. After fixation, the glands were pelleted by centrifugation for 3 min, 115 ***g*** 16°C, washed in PBS and processed as described above. Fixed and permeabilized gastric glands were layered on to coverslips coated with Cell-Tak (BD Biosciences), and stained as for the cell cultures.

ChTxB subunit internalization assay using cultured parietal cells
-----------------------------------------------------------------

Cultured gastric cells were incubated in serum-free medium for 1--2 h at 37°C, then transferred to 4°C for 10 min and washed once with cold DMEM/F12, 1:1, pH 7.4. FITC-labelled ChTxB was incubated with cultured parietal cells in the presence of 5 μM SCH28080 for 45 min at 4°C. Unbound ChTxB--FITC was removed and monolayers were either fixed immediately, or incubated at 37°C for the indicated time period to track internalization of ChTxB--FITC. After the incubation, monolayers were fixed in cold 1% formaldehyde in PBS for 15 min, permeabilized and stained as described above.

Transduction of cultured parietal cells with TGN38 recombinant adenovirus
-------------------------------------------------------------------------

Recombinant adenovirus encoding TGN38 under the control of the CMV (cytomegalovirus) promoter (rAdv-TGN38) was generated by co-transfecting adenovirus-packaging HEK-293 (human embryonic kidney) cells with transgene-encoding shuttle plasmid and AdMax adenovirus genomic plasmid (Microbix Biosystems). Recombinant virus was isolated as plaques in agarose over HEK-293 cell monolayers, amplified in HEK-293 cells and purified by centrifugation, re-suspended in PBS with 10% glycerol and stored at −70°C, as previously described (Londrigan et al., [@B25]).

For transduction, the recombinant adenovirus was incubated with ViroMag (Oz Biosciences) magnetic nanoparticles for 10 min at room temperature and the resultant mixture added to parietal cell cultures 4--6 h after plating and a magnetic force was applied for 45 min (Gliddon et al., [@B11]). The cells were cultured as described above. The following day the medium was replaced and cells analysed 24--48 h after transduction.

Metamorph analysis of images
----------------------------

Confocal images were analysed using Metamorph imaging software. Images were thresholded and the number of ChTxB pixels that overlapped with Golgi markers was expressed as a percentage of the total number of ChTxB pixels within each cell.

Statistical analysis
--------------------

Fluorescent data from metamorph analysis were expressed as means±S.D. and analysed by an unpaired two-tailed Student\'s *t* test. *P*\<0.05 was considered as significant.
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